This article reports the discovery of surface-mediated parahydrogen-induced alignment of the proton magnetic moments in liquid water as well as methanol and ethanol. In this SWAMP (surface waters are magnetized by parahydrogen) effect, the spin polarization of the solvent protons is enhanced simply by the bubbling of parahydrogen through a suspension of Pt3Sn intermetallic nanoparticles (iNPs) encapsulated within a protectective mesoporous silica shell (Pt3Sn@mSiO2). The conversion of singlet spin order into magnetization is mediated by symmetry-breaking interactions on the surface of the iNPs. Stimulated emission NMR signals of the exchangeable hydroxy protons are observed. Non-exchangeable methyl or methylene protons are also hyperpolarized, an observation that provides insight into the molecular mechanism. SWAMP has a myriad of potential applications, ranging from low-field MRI to drug discovery. 
Introduction
When the 1932 Nobel Prize in Physics was awarded to Heisenberg "for the creation of quantum mechanics," it was said to have led, inter alia, to the discovery of the allotropic forms of hydrogen. over an ortho/para conversion catalyst and warming to room temperature, the metastable singlettriplet imbalance (STI) can persist in the gas for months.
The H2O molecule also exists in ortho (o-H2O) and para (p-H2O) forms, but unlike H2, the preparation of the pure H2O spin isomers is not so easily achieved. 1, 2 The separation of o-H2O and p-H2O by column chromatography was claimed 3 but later disputed in the literature. 4 One might speculate that p-H2O could be prepared from D2O by Pairwise Replacement Catalysis (PRC), as shown in scheme 1, where a pair of protons (or deuterons) in a random spin state on a molecule is replaced by a pair of protons in a singlet state. 5 Unfortunately, the singlet spin order would be rapidly (c.a. 1 ms) randomized by proton exchange in liquid H2O or D2O. 6, 7 Scheme 1A depicts the creation of non-equilibrium proton Zeeman order (i.e. hyperpolarization) by chemical exchange of a single hydrogen from p-H2. While this scheme produces hyperpolarized water in a form that is robust to proton exchange, it implies a preferential transfer of a proton in a specific spin state (e.g. α or β ), which would appear to violate the particle indistinguishability in the system of two identical Fermions.
Scheme 1
Scheme 1B depicts the production of hyperpolarized HDO via intermolecular spin exchange between (initially unpolarized) HDO and p-H2, yet it too, as presented, is inconsistent with the Born interpretation of the singlet spin function. Here we show that the quantum paradox implicit to schemes 1A or 1B can be finessed by symmetry breaking surface interactions in co-adsorbed p-H2 and water or alcohols. In a heterogeneous process referred to as the SWAMP effect (Surface Waters Are Magnetized by Parahydrogen), hyperpolarized water, methanol and ethanol is produced using p-H2. The alignment of the protons in the neat liquids is catalyzed on the surface of insoluble Pt3Sn@mSiO2 intermetallic nanoparticles (iNPs) encapsulated in mesoporous silica, 8, 9 with a surface structure shown in Figure 1 .
In the late 1980's, the PASADENA effect (Parahydrogen And Synthesis Allows Dramatically Enhanced Nuclear Alignment) was introduced, where the hidden nuclear spin order of p-H2 is revealed by symmetry-breaking hydrogenation chemistry. 10, 11 In theory, the room-temperature parahydrogen-induced polarization (PHIP) enhanced NMR signals can exceed those derived from the high-field thermal equilibrium Boltzmann spin polarization by five orders of magnitude. Over the years, multiple variants of the PASADENA effect have been developed and demonstrated on scores of different substrates, enabling molecular magnetic resonance imaging (MRI) and catalysis studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] Despite three decades of intensive research, the exciting first report of PHIPhyperpolarized water was published only a few months ago. 21 They used homogeneous D2O/H2O
solutions containing a dissolved [Ir(Cl)(IDEG)(COD)] complex and a L-histidine additive. The relationship of this observation to the SWAMP effect is considered below.
An intrinsic advantage of PHIP by heterogeneous catalysis is that the pure hyperpolarized fluid can be quickly and completely separated from the catalyst, 22 allowing the catalyst to be re-used. This is crucial for prospective biomedical applications of hyperpolarized water due to its relatively short proton spin relaxation time. 
Results
In the SWAMP experiment, a negative spin temperature is induced simply by bubbling p-H2 gas through a heterogeneous suspension containing only the insoluble Pt3Sn@mSiO2 iNP catalyst and the neat liquid. The resulting stimulated emission NMR signal of the hydroxy protons can be seen in Figure 2 . Non-exchangeable methyl and methylene protons of methanol and ethanol, respectively, are also hyperpolarized, an observation which must be accounted for in any mechanistic hypothesis. Pt@mSiO2 and PtSn@mSiO2 catalysts 22 were also synthesized and tested, but did not yield SWAMP signals. TEM images of Pt3Sn@mSiO2 and model surfaces of Pt (111) and Pt3Sn(111) are shown in Figure 1 . The alternating contrast of different atomic columns seen in the image in Figure 1B is due to chemical ordering in the Pt3Sn particle.
The surface-science literature on Pt and Pt-Sn alloys provides insights into the surface interactions that may play a role in mediating the conversion of parahydrogen spin order into observable magnetization of water and alcohols. Hydrogen adsorption and diffusion on Pt and PtSn alloys has been studied both theoretically 23 and experimentally. 24, 25 Facile dissociative adsorption of H2 occurs on three-fold Pt (111) sites. As illustrated in Figure 1C ,D, monometallic Pt(111) bears contiguous three-fold hcp (hexagonal close-packed) and fcc (face-centered cubic) Pt sites (vertex and base connected), while the Pt3Sn(111) surface bears only isolated three-fold Pt sites (vertex connected). In our previous work, PtSn@mSiO2 was found to yield the highest pairwise selectivity (11%) in the hydrogenation of propene with p-H2, 22 attributed to the absence of the three-fold Pt surface sites and restriction of diffusion on this catalyst. On the Pt3Sn (111) surface, the presence of both Sn and three-fold Pt sites on the catalyst surface appears to be crucial to the SWAMP activity. Fig. 2 . The 9.4 T (400 MHz) liquid state 1 H NMR spectra acquired about 10 s after bubbling 7 bar p-H2 (upper spectra) or n-H2 (lower spectra) for 20 s at a flow rate of 350 mL/min through a suspension containing 50 mg Pt3Sn@mSiO2 and (A) water-d2 (D2O) at 120°C; (B) methanol-d4 (CD3OD) at 105°C; and (C) ethanol-d6 (CD3CD2OD) at 105°C. Proton signals of the non-exchangeable methyl and methylene groups arise only from proton isotopic impurities in the per-deuterated neat liquids. In (C), * indicates a methanol impurity.
Experiments were performed on suspensions of 50 mg of the insoluble catalyst solids and 1.8 mL of liquid D2O, CD3OD, or CD3CD2OD in a 10 mm NMR tube fitted with a PEEK cap.
Capillary tubing feed-throughs in the cap allowed controlled bubbling and venting of the gases. Figure 2A . The lower spectrum, obtained after repeating the same experiment with n-H2, exhibits only a small absorption phase peak that is attributed to incompletely thermally polarized water protons. Experiments with neat methanol-d4 26 and ethanol-d6 27 exhibited similar hydroxy proton emission signals (upper spectra in Figure 2B and Figure 2C ). In methanol, the methyl (-CHD2) protons also exhibited hyperpolarization. Note that the thermally polarized -OH signal is also larger than the thermally polarized methyl peak, reflecting different proton isotopic fractions at the two sites. For ethanol, both the hydroxy and methylene (-CHD-) protons display stimulated emission signals, while the methyl proton signal appears unaffected.
The thermally polarized spectra presented in Figure 3A were acquired at Boltzmann equilibrium following 0 to 5 cycles of H2 bubbling, where a cycle consists of heating the tube to 105°C for 15 minutes, bubbling of H2 for 20 s at 350 mL/min, and cooling to room temperature in a water bath for 10 minutes before loading into the NMR probe. The methanol -OH signals are seen to increase linearly (after the first cycle) with the total amount of H2 bubbled through the liquid, corresponding to a rise in the proton isotope fraction from 0.2% (manufacturer's specification) to 1.6% ( Figure   3B ). A similar rise of the -OH peak with isotope fraction was observed in experiments with D2O (see Figure S7B , C). The increase can only be explained by H/D exchange of a proton in H2 with a deuteron in -OD (i.e. H2+CD3OD → HD+CD3OH). In contrast, the peak of the non-exchangeable methyl protons did not significantly change.
Evidence for H/D exchange in the CD3OD and CD3CD2OD samples can be seen in the Boltzmann-polarized 1 H spectra recorded before and after bubbling in Figure 4 . Note that prior to any H2 bubbling through the ethanol-d6 sample ( Figure 4B ), the thermally polarized peaks of the Figure 4A , B. The deuterons in HD can only originate from methanol-d4 or ethanol-d6 molecules. The NMR signal enhancement factors were estimated from the ratio of the SWAMP NMR peak to the peak integrals of the fully-relaxed 1 H spectra recorded before H2 bubbling. Enhancement factors, before correction for relaxation losses, were -0.4 and -1.8 for the -OH protons in DOH and CD3OH, respectively. We estimate H NMR spectra exhibiting H-D exchange, in suspensions containing Pt3Sn@mSiO2 at 105°C. (A) Methanol-d4, before and after a single H2 bubbling cycle, showing a 30% increase in the -OH peak; and (B) ethanol-d6 spectra before (bottom) and after (top) five H2 bubbling cyles, with a 415% increase in the -OH peak. Only the -OH hydrogen signal increases after H2 bubbling and not the non-exchangeable methyl and methylene proton in ethanol impurity peaks.
Discussion
Insight into the surface interactions that mediate the SWAMP effect can be gleaned from the high-vacuum surface science literature on well-defined Pt(111), ( ) (111) is hindered by a barrier of 41 kJ/mol due to the unfavorable interaction with Sn. 23 The novel synthesis of Pt, Pt3Sn and PtSn iNPs that mimic the model Pt-Sn surfaces allowed us to investigate the SWAMP effect on three-fold Pt sites that are contiguous, isolated, or absent. While Pt3Sn produced intense NMR emission peaks in water, methanol and ethanol, the Pt and PtSn catalysts produced no observable SWAMP signals (see Extended Data Figure S1 ). Apparently, the surface structure of the Pt3Sn@mSiO2 iNPs optimizes the balance between facile H2 dissociation and restriction of H ad-atom surface diffusion. 24, 25, 33 By restricting diffusion, the spin-spin coupling in the H ad-atom pair is prolonged. The results of a para → ortho back-conversion study (see Extended Data Figure S2 ) are consistent with this;
Pt@mSiO2 particles are most efficient in randomizing the p-H2 singlet, while PtSn@mSiO2 iNPs are ineffective at temperatures up to 175°C. The trend in the back-conversion is opposite to that of the pairwise selectivity of propene hydrogenation: Pt < Pt3Sn < PtSn. 22 H/D exchange between co-adsorbed H2 and D2O (or D2 and H2O) has not been previously studied on Pt-Sn, but it was investigated on Au(111) surfaces. 34 Temperature programmed desorption (TPD), reflection−absorption infrared spectroscopy (RAIRS), and density functional theory (DFT) calculations suggest that isotope exchange is mediated by protonated water clusters, (H2O)nH + , with reversible electron transfer to the metal:
The hydronium-like species have also been identified on Pt surfaces. 35, 36 It is likely that the observed H/D exchange between co-adsorbed H2 and the -OD groups in hydrogen-bonded networks of CD3OD or CD3CD2OD on the Pt3Sn@mSiO2 occurs by this mechanism. 
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The essential spin dynamics for paths A and B in Figure 5 can be qualitatively modelled by a system of two spins-1/2 system with dipole-dipole coupling ab D . For simplicity, the dipolar couplings to 195 Pt, 2 H, and other nearby protons will be neglected. Complete details of the density matrix calculation, which is briefly outlined here, are provided in the supporting information (SI).
The general eigenbasis of this spin system is { , The lack of any signal enhancement for the methyl proton in ethanol is explained by its greater distance away from the surface, since the alcohol is most likely bound to the surface of the nanoparticle through the Sn-O interaction. 9 The lack of a hyperpolarized dissolved HD peak is also consistent with an H/D exchange process that is unproductive as a hyperpolarization mechanism.
In principle, hyperpolarized o-H2 is produced in the LAC and NOE effects, but was not observed in our experiments. This could be due to a combination of factors: the short spin relaxation time (ca. 2 s in methanol-d4 19 ) relative to the 10s transport time in our experiments; rapid T1 relaxation of ortho-H2 on the surface; scrambling of the spin-state by recombination with other H ad-atoms by the same process that accounts for the high ortho-para conversion efficiency on the Pt3Sn@mSiO2 iNPs.
While somewhat beyond the scope of the present work, it is nevertheless interesting to explore the possible relationship between the SWAMP polarization transfer mechanism for our Pt3Sn@mSiO2 catalyst and the reported hyperpolarization of water 21 and methanol 43, 44 using the homogeneous iridium catalysts under SABRE conditions. Lehmkuhl et al. 21 reported that in the presence of L-histidine in D2O, both hyperpolarized HDO and HD are observed. The HDO exhibited a maximum emission peak at a polarizing magnetic field of around 40 mT, while no hyperpolarization was observed at high field. This does not necessarily rule out the oneH mechanism since the hydride protons of their histidine-bound Ir complex are weakly coupled in high field. Moreover, the observation of hyperpolarized HD peaks that are opposite in phase with respect to the HDO emission peak is also consistent with a oneH mechanism (see Eq. (5)) and less easily explained in terms of a NOE or LAC effect. Earlier SABRE studies reported enhancement of the -OH and methyl impurity protons of the 99.97% enriched CD3OD solvent under acidic conditions using homogeneous Ir-based catalysts. 43, 44 The hyperpolarization of the -OH proton was attributed to proton exchange with hyperpolarized free pyridine, but additional observations, including the solvent enhancement in pyridine-d5 and a prolonged relaxation time after transferring the sample to high field, led the authors to conclude that an additional mechanism is also active,
i.e. NOE cross-relaxation between the hyperpolarized hydride protons and the protons of methanol directly coordinated in the Ir complex. A CC/NOE type mechanism has been proposed to explain the SABRE polarization enhancement of pyridine and ortho-H2 at 9.4 T. 19, 42 The possibility of a oneH mechanism involving H/D exchange was not considered but is deemed unlikely in view of the magnetic equivalence of the hydride protons in their catalyst when the pyridine-14 N substrate is used.
Before closing, we briefly review some of the interesting applications of the SWAMP effect.
Hyperpolarized liquid water, which can be produced by Dynamic Nuclear Polarization (DNP) techniques, [45] [46] [47] has been touted as an "authentic" contrast agent to study localized angiography and brain perfusion. 48, 49 Its use in biomolecular NMR is an emerging hot-topic. 50 In the Water-LOGSY NMR experiment, used in drug-discovery to detect protein-ligand interactions, the protein NMR signals are greatly enhanced by injecting hyperpolarized water into solutions of proteins and ligands. 47 SWAMP could also be used for such spectroscopic applications, with greater simplicity, scalability, portability, and reduced cost. Hyperpolarization of methanol and ethanol was also demonstrated, indicating that the SWAMP technique can be extended to other molecules. A list of substances that were tested but did not exhibit SWAMP signals under the experimental conditions described herein is provided in Table S1 .
As a proof-of-principle demonstration of MR imaging, the world's first SWAMP 1 H image, recorded at 750 MHz, is presented in Figure 6B . For comparison, the thermally polarized image of the same sample acquired under identical conditions except with argon gas bubbling is shown in Figure 6A . The MR images were acquired with a standard SPIRAL-EPI 51 acquisition (Extended Data Figure S9) , with a single 90° excitation pulse. The phase used to color the images was calculated from the first recorded data point in the spiral acquisition, where no gradients are applied, and the signal is proportional to the total signal present in the sample. At this extremely high magnetic field, the thermally polarized image at 17.6 T is better than the one recorded using SWAMP pre-polarized water. However, SWAMP images are expected to be far superior at lower fields, since the Boltzmann polarization (in the Curie-Law regime) scales proportionally with field. 52 Moreover, higher SWAMP hyperpolarization is likely to be achieved by improved catalyst synthesis (e.g. smaller catalyst particle size), higher p-H2 enrichment, and optimization of reaction conditions. Low-field MRI could be the most promising application for SWAMP. A key advantage of our heterogeneous Pt3Sn@mSiO2 catalyst is its insolubility, which allows it to be quickly and completely separated from the hyperpolarized water without any leaching, as previously shown. 22 This remains a non-trivial problem for dissolved catalyst complexes. 21, 53 SWAMP can generate NMR-observable hyperpolarization of liquids that are free of free radicals, catalyst residues or other additives at low magnetic field. This could enable low field MRI without superconducting magnets 52 which could enable wider access of this powerful medical diagnostic technique in remote or impoverished regions.
Experimental Procedures
Synthesis of Monometallic Pt@mSiO2 NPs. The mSiO2-encapsulated Pt NPs (Pt@mSiO2) were prepared according to the previously reported literature 22 . Briefly, around 25 mL of a 10 mM
K2PtCl4 was added to 200 mL of a 125 mM aqueous solution of tetradecyltrimethylammonium bromide. The above mixture was stirred for 10 minutes and then moved to an oil bath maintained at 50°C for 10 minutes. 25 mL of 300 mM sodium borohydride solution prepared in ice-cold water (Alfa Aesar, 98%) was then added. After the solution was stirred for 20 h at 50°C, the dark brown solution was centrifuged at 3000 rpm four times for 30min, with the supernatant being collected while the residue was discarded. Finally, the supernatant was centrifuged at 14000 rpm for 15 min twice, collected, and redispersed in deionized water to obtain around 200 mL of the solution. About 1 mL of a 1 M sodium hydroxide solution was added to obtain a pH between 11 and 12. While stirring, 3 mL of a 10% tetraethyl orthosilicate solution in methanol was added dropwise via syringe. After 24 h, the sample was centrifuged at 14000 rpm twice, and the coated particles Subsequently, an equal volume of acetone was added and sonicated to obtain a homogeneous solution. The solution was then centrifuged at 14000 rpm and calcined at 500°C for 4 h to remove any remaining organic residues in the NPs. The calcined sample was then reduced at 600°C for 4 h in a 10% H2/Ar flow in a tube furnace to obtain intermetallic Pt3Sn@mSiO2. PtSn@mSiO2 was prepared with a molar ratio of Pt:Sn = 1:1 using the same precursor. After the same procedures until calcination at 500°C, the sample was then reduced in 10% H2 in a tube furnace at 300°C for 4 h to obtain intermetallic PtSn@mSiO2. Inductively coupled plasma mass spectrometry (ICP-MS) measurements were also carried out on the powdered samples to confirm their stoichiometry as per the synthesis. 
Transmission Electron

SWAMP NMR Experiments.
Using the NMR tube slurry reactor that was described in detail in our previous report 22 , low field SWAMP NMR spectra in D2O, CD3OD and CD3CD2OD were acquired following bubbling p-H2 gas at earth magnetic field (50 μT). The NMR tube was loaded with 50 mg of insoluble catalyst powder in deuterated water, methanol and ethanol. The solution was de-oxygenated by bubbling N2 at a flow rate of 50 mL/min for 5 min. The head-space of the NMR tube was purged with p-H2 gas for 2 min at a flow rate of 300 mL/min. The NMR tube was then pressurized to 7 bar with p-H2 and immersed in a hot oil bath at set temperatures for 15 min prior to reactions. After bubbling p-H2 gas through the slurry for 20 s at a flow rate of 350 mL/min, a back pressure was applied to stop the bubbling immediately. The NMR tube was then manually inserted into a 10 mm liquid probe in a 400 MHz magnet as quickly as possible (~10 s) and a single free induction decay was acquired using a 90° pulse. The thermally polarized spectra presented in Figure 2 were acquired using the same procedure except that n-H2 was bubbled through the fresh solution. The fully relaxed thermally polarized spectra of methanol and ethanol ( Figure 4 ) were collected 180 s after insertion of samples. The SWAMP experiments involving bubbling of p-H2 at 9.4T were performed with the sample inserted in the Bruker 10mm liquid probe inside the magnet. The probe was heated to 80°C by a variable-temperature control system of the NMR spectrometer. Then the procedures that are the same to the low field experiments were performed followed by a 90° pulse. For the near-zero field experiments, the NMR tube was pre-heated to 80°C in an oil bath for 15 min and the oil bath with the NMR tube in it was manually transferred to a three-layer concentric μ-metal shield as quickly as possible, followed by bubbling p-H2. The temperature of the oil bath was measured to be 78°C after bubbling gases. To ensure the reproductivity of the near-zero field experiment, two consecutive near-zero field experiments were performed immediately before and after an experiment at earth magnetic field (see Extended Data Figure S4 ). For the experiment performed at 3 mT, the solution was positioned at the fringe field of the Bruker Avance Ultrashield 89 mm bore 9.4T superconducting NMR magnet and the field strength was measured using a LakeShore TM Gaussmeter.
To unambiguously confirm the chemical origin of our hyperpolarized signal, pyridine-d5 was added into the solution as an internal standard. 19 This technique was used to identify hyperpolarized orthohydrogen (o-H2) in a solution of pyridine and N-heterocyclic carbene complex-based Ir catalyst in methanol-d4.
As the chemical shifts of the hydroxyl proton in methanol is commonly used as a calibration standard for temperature. 54 
